Membrane aerated biofilms (MABs) are an emerging technology for wastewater treatment. Several bench scale and pilot scale studies have help to highlight the benefits of this technology. This paper will discuss experiments that examined the impact of oxygen gradients and the impact of BOD gradients on the performance of MABs, and discusses how an MAB compares to a conventional biofilm.
INTRODUCTION
Membrane aerated biofilms (MABs) are an emerging technology for nitrogen removal from wastewater. In MABs, membranes serve as a gas supplying attachment surface. MAB configurations are similar to membrane bioreactors (MBRs); however, MAB membranes have hydrophobic pores and their lumens are pressurized with air ( Figure 1 ). Oxygen is transported from the membrane lumen to the membrane surface, and a biofilm develops on the membrane surface. Aeration of the bulk liquid in MAB reactors is not required, and the counter diffusion of oxygen and wastewater constituents (e.g. BOD and ammonia) through the biofilm results in both aerobic and anoxic regions in a single biofilm, with aerobic nitrification in the interior of the biofilm and anoxic denitrification in the outer portions of the biofilm. As with other biofilm technologies, MAB based systems can be used in activated sludge systems to provide high nitrification rates with a small footprint. MAB systems have the added advantage of achieving nitrogen removal in a single tank, while using influent BOD for denitrification. An additional benefit of MABs is the possibility of nitritation (i.e., nitrite accumulation) due to oxygen gradients in the biofilm, reducing the amount of oxygen required for ammonia oxidation and decreasing the amount of electron donor required for denitrification.
Several MAB process configurations have been developed, with promising results. Membrane aerated bioreactors (MABRs) have been shown to result in high nitrogen and BOD removals under optimum loading conditions (Semmens et al., 2003) . However, BOD to nitrogen (BOD:N) loadings above 4 have resulted in decreased removal efficiency, and excessively thick biofilms have been reported to develop over time, limiting process efficiency (Walter et al., 2005) . Nitritation, or the accumulation of nitrite during nitrification, has been shown in nitrifying MABRs, and mass balances on MABRs achieving total nitrogen removal have indicated that nitrite rather than nitrate is the dominant form of nitrogen reduced in the systems. A hybrid process utilizing both suspended and attached growth, termed the hybrid membrane biofilm process (HMBP), has been shown to effectively remove nitrogen in an activated sludge system with nitrite as the main product of nitrification (Downing and Nerenberg, 2007; Downing and Nerenberg, 2008a) . Pilot scale testing of both MABR and HMBP configurations have shown that MABs can effectively be applied to real wastewaters (Semmens 2005; Downing et al., in press ).
While the above process configurations have shown promising results, a better understanding of nitritation in the biofilms and how BOD impacts the biofilms is needed to advance the application of MABs for wastewater treatment. No definitive answer as to what controls the amount of nitritation occurring in an MAB, and how the microbial activity and stratification are impacted, has previously been reported. Similar to the occurrence of nitritation, significant evidence has been shown that BOD loadings impact MABs nitrification performance, but the exact cause of the inhibition and the bulk liquid BOD concentration that would lead to inhibition have not previously been noted.
METHODS
We recently studied how oxygen gradients control nitritation in MABs, and how bulk liquid BOD concentrations impact MABs and conventional biofilms. The biofilm microbial stratification (i.e. who was there), the microbial activity (i.e. what they were doing), and the impacts of varying conditions on nitrogen removal performance (i.e. why MABs are important for TN removal) were examined. Experiments were conducted on isolated MABs. When the controls of nitritation were examined, the influent ammonia was constant, no influent BOD was supplied, and the intra-membrane air pressure was varied. When the impact of BOD concentration on MAB performance was examined, the influent ammonia and intra-membrane air pressure were constant, and the influent BOD concentration (supplied as acetate) was varied. Fluorescence in situ hybridization (FISH) was used to examine the biofilm stratification, and microsensors were used to determine the ammonia, nitrite, and nitrate fluxes in the system.
RESULTS
FISH results indicated that as the intra-membrane pressure decreased, the nitrite oxidizing bacteria (NOB) decreased in number, and also shifted from a Nitrobacter spp. dominated biofilm to a Ntirospira spp. dominated biofilm. This shift in population would result in reduced nitrite oxidation capacity, and thus more nitrite accumulation. When BOD was supplied to MABs, a heterotrophic layer developed on the outside of the biofilm. As the bulk liquid BOD concentration increased, this heterotrophic layer increased and the number of ammonia oxidizing bacteria (AOB) and NOB in the system decreased. The bulk liquid BOD concentration appeared to have little impact on the relative abundance of AOB, Nitrobacter spp., and Nitrospira spp.
When the activity of the biofilm was examined, nitrite accumulation increase was confirmed with decreasing intra-membrane pressure (Figure 2 (a) ) (Downing and Nerenberg, 2008b) . The impact of the oxygen concentrations on the NOB population in the biofilm was thus confirmed to control the amount of nitritation occurring in an MAB. When the impact of bulk liquid BOD concentration was examined, increased bulk liquid BOD concentrations were shown to decrease nitrification in an MAB, while denitrification increased (Figure 2 (b) ) (Downing and Nerenberg, 2008c) . However, when an Aquasim model was produced and calibrated with the experimental data, it was shown that nitrification in an MAB is much less susceptible to the bulk liquid BOD concentration than a conventional biofilm system (e.g. IFAS, MBBRs) (Figure 3 ). Both mass diffusion limitation due to the thicker biofilms and heterotrophic competition for oxygen in the biofilm were shown to impact nitrification at increasing BOD concentrations. 
CONCLUSIONS
This work has helped to advance the understanding of how nitritation occurs in a MAB and how BOD concentrations impact an MAB versus a conventional biofilm system (e.g. IFAS, MBBRs). By knowing the optimal intra-membrane pressure for nitritation and how the bulk-liquid BOD concentration impacts performance, systems like the hybrid membrane biofilm process (HMBP) can be designed to maximize the amount of nitritation, which decreased the oxygen supply demand and electron donor requirement for nitrogen removal, while minimizing the impacts of BOD on nitrification rates.
